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►  Wide  range  of  morphology  and 
phase  composition  by  adjusting  two 
synthesis  parameters. 

►  Tailoring  of  phase  composition  by 
adjusting  alkalinity  of  hydrothermal 
synthesis. 

►  Tailoring  of  morphology  in  hydro- 
thermal  synthesis  by  adjusting 
powder  concentration. 

►  Monoclinic  Ti02(b)  phase  shows 
higher  rate  capability  than  anatase 
phase. 

►  Higher  internal  resistance  of  anatase 
compared  to  Ti02(b)  is  detected. 
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Titanium  dioxide  mixed  phases  containing  Ti02(b)  and  anatase  phase  in  different  ratios  were  prepared 
via  a  facile,  template  free,  low  temperature  hydrothermal  synthesis.  Morphology  and  phase  composition 
were  tuned  by  adequately  adjusting  the  main  synthesis  parameters,  i.e.,  temperature,  powder/liquid  ratio 
and  basicity  of  the  mother  solution.  The  effect  of  different  phase  compositions  on  the  lithium  insertion 
and  de-insertion  properties  was  tested  by  electrochemical  cycling  at  increasing  cycling  rates.  Results 
indicate  a  superiority  of  monoclinic  Ti02(b)  phase  over  the  tetragonal  anatase  phase  especially  at 
elevated  cycling  rates.  Further  analysis  shows  that  internal  resistance  is  one  of  the  major  limitations  for 
electrochemical  cycling  of  anatase. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  ion  batteries  (LIB)  are  today’s  leading  and  commercially 
well  established  batteries  for  high  power  applications.  Their  high 
energy  density,  low  memory  effect  and  wide  working  temperature 
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range  make  them  superior  over  other  battery  materials.  Continuous 
research  and  development  ever  since  its  introduction  to  the  market 
in  the  early  90’s  by  SONY  has  lead  to  their  wide  spreading  in 
numerous  applications  [1,2].  The  current  anode  material  of  choice 
is  graphite  which  features  good  lithium  insertion  properties  and  is 
easily  available  throughout  the  world.  However,  technological 
progress  demands  for  faster,  safer,  lighter  and  higher  capacity 
battery  materials.  Ti02  is  equally  environmentally  benign  and  cost 
effective  but  has  superior  safety  and  rate  capability  compared  with 
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graphite  [3].  The  latter  is  due  to  unrestrictedness  of  ion  flow  hence 
significantly  higher  charge  and  discharge  rates  are  possible.  Its 
elevated  working  potential  of  ~1.5  V  constitutes  not  only  an 
inherent  lithium  overcharge  protection  but  also  suits  conveniently 
the  thermodynamic  stability  window  of  common  organic  electro¬ 
lytes  [4].  The  spinel  type  titania  Li4Ti50i2  is  considered  as  reference 
material  for  titania  materials  in  battery  applications.  It  has  rela¬ 
tively  low  theoretical  capacity  of  175  mAh  g-1  but  proves  to  be  very 
stable  in  practical  application  [5,6].  The  most  extensively  studied 
Ti02  phase  regarding  feasibility  as  lithium  insertion  material  is 
anatase.  It  has  a  theoretical  capacity  of  336  mAh  g  1  corresponding 
to  the  insertion  of  one  mol  lithium  per  one  mol  of  Ti02.  In  practice 
however  only  half  of  that  value  is  obtained  since  insertion 
exceeding  0.5  Li  per  unit  cell  Ti02  imposes  severe  structural 
changes  in  the  bulk  material  from  tetragonal  to  orthorhombic 
phase  [7]. 

One  of  the  most  vividly  discussed  approaches  to  increase  the 
capacity  of  titania  is  nanostructuring.  Using  nanoscaled  particles  as 
an  active  lithium  insertion  material  not  only  offers  the  opportunity 
to  overcome  the  low  electron  and  ion  conductivities  imposed  by 
bulk  structure  but  also  enhances  rate  and  cycling  performance  by 
increasing  electrode— electrolyte  contact  area  and  surface  to 
volume  ratio.  Such  an  open  and  unconfined  structure  permits 
higher  diffusion  rates  due  to  surface  diffusion  as  well  as  easy 
accessibility. 

More  recently  the  monoclinic  phase  of  titania,  Ti02(b)  has 
received  increased  attention.  It  has  one  of  the  lowest  densities  of  all 
titania  polymorphs  [8]  expressed  by  a  more  open  structure  which  is 
believed  to  facilitate  internal  lithium  migration  [5,9]  and  conse¬ 
quently  leads  to  superior  rate  capabilities.  Various  studies  indicate 
such  a  superiority  of  cycling  performance  [10,11].  The  latter  of 
which  attributes  this  superiority  to  a  pseudocapacitive  storage  that 
is  based  on  unique  sites  as  well  as  on  particular  diffusion  and 
absorption  energetics  of  Ti02(b)  [12].  Ti02(b)’s  ability  to  store 
significant  amounts  of  lithium  in  surface  region  is  a  promising  asset 
for  high  performance  application. 

Hydrothermal  synthesis  is  very  appealing  because  of  its  feasi¬ 
bility  for  application  in  industry.  It  is  not  only  cost  effective  but  it 
also  can  be  scaled  up  easily.  Furthermore  it  proves  to  be  a  versatile 
approach  to  produce  a  broad  variety  of  morphologies  without  the 
help  of  template  or  surfactant.  Pioneering  work  on  hydrothermal 
synthesis  of  anatase  nanotubes  was  done  by  Kasuga  et  al.  [13].  Later 
this  method  was  adopted  by  Bruce  et  al.  for  hydrothermal  prepa¬ 
ration  ofTi02(b)  nanowires  [9]. 

In  this  study  we  show  a  facile  and  cost  effective  method  of 
producing  nanoscaled  Ti02  with  tunable  morphology  and  phase 
composition.  Moreover  we  give  insights  on  how  these  material 
characteristics  influence  key  factors  of  electrochemical  cycling  such 
as  rate  capability,  capacity  retention  and  coulombic  efficiency. 

2.  Experimental  details 

2.1  Synthesis 

The  mixed  titania  phases  were  synthesized  via  hydrothermal 
treatment  in  alkaline  environment  based  on  procedure  by  Yoshida 
et  al.  [14].  As  starting  material  TiCb  from  Umicore  was  used  which 
was  mixed  with  NaOH  in  distilled  water.  Throughout  stirring 
a  homogeneous  solution  was  obtained  which  was  transferred  into 
a  Teflon  lined  autoclave  and  kept  at  150  °C  for  72  h.  After  cooling 
naturally  to  ambient  temperature  the  white,  sorbet-like  product 
was  washed  in  distilled  water  to  eliminate  remaining  NaOH  before 
washing  in  0.1  M  HC1  at  pH  <  2.  In  a  final  washing  step  the  solution 
was  brought  to  neutrality.  Subsequently  the  product  was  dried  at 
- 100  °C,  ground  and  sieved  to  a  50  pm  mesh.  In  a  final  preparation 


step  the  white  powder  samples  were  heat  treated  in  air  at  450  °C 
for  4  h  in  air.  The  experimental  procedure  is  shown  in  a  simplified 
flow  chart,  see  Fig.  1. 

2.2.  Electrode  and  cell  preparation 

For  electrochemical  measurements  the  synthesized  titania 
powder  was  mixed  with  carbon  black  and  PVDF  with  a  weight 
composition  of  80:8:12,  respectively.  An  NMP-based  slurry  of  this 
mixture  was  tape  casted  on  copper  foil  using  a  doctor  blade  system 
and  used  as  working  electrode.  These  were  built  in  Swagelok  cells 
together  with  lithium  metal  as  reference  and  counter  electrode  as 
well  as  Whatman  fiber  glass  separators.  A  mixture  of  organic 
solvents  containing  ethylene  carbonate,  propylene  carbonate  and 
dimethyl  carbonate  in  composition  1:1:3  and  1  M  LiPF6  was  used  as 
electrolyte.  Since  electrolyte  and  lithium  metal  are  very  sensitive  to 
air  and  moisture,  the  assembly  of  the  electrochemical  cells  was 
carried  out  in  glove  box  under  Ar  atmosphere. 

2.3.  Characterization 

Electrochemical  cycling  was  carried  out  in  galvanostatic  mode 
on  Biologic  multichannel  potentiostat.  Different  cycling  rates  were 
applied  ranging  from  C/20  to  5C  whereas  1C  is  equal  to  a  current  of 
336  mA  g-1.  The  crystal  structures  were  defined  via  powder  X-ray 
diffraction  (XRD)  using  Philips  Expert  with  Cu  Ka  radiation  at  room 
temperature  spectra  ranging  from  10  to  70°  with  step  size  of 
0.00334°.  Raman  spectroscopy  was  carried  using  LabRam  ARAMIS 
/R2,  Horiba  Jobin  Yvon  with  blue  diode  laser  X  =  473  nm  or  helium 
neon  laser  X  =  633  nm.  Nitrogen  physisorption  was  carried  out  on 
a  Micromeritics  ASAP2020  and  analyzed  using  BET  as  well  DFT 
methods  to  calculate  specific  surface  area  and  pore  size  distribu¬ 
tion,  respectively.  The  morphological  characterization  was  con¬ 
ducted  using  TEM  pictures  taken  with  JOEL  I200EXS  and  SIS 
Olympus  Quemesa  camera. 

The  phase  composition  calculation  is  based  on  peak  area 
retrieved  from  XRD  data.  Characteristic  and  distinct  peaks  for  each 
phase  were  chosen,  fitted  and  compared.  For  XRD  the  (200)  and 
(003)  reflections  for  Ti02(b)  as  well  (004)  and  (211)  for  anatase 
phase  respectively  were  selected.  The  calculated  values  are  in 
agreement  within  10%  deviation  with  the  values  obtained  from 
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Fig.  1.  Flow  chart  of  hydrothermal  synthesis  for  tailored  Ti02  polymorph,  mixed 
phases. 
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parallel  calculations  performed  on  the  base  of  Raman  spectra.  For 
the  latter  the  mutual  peak  of  anatase  and  Ti02(b)  at  146  cnrr1  was 
compared  with  intensity  that  of  the  Ti02(b)  specific  peak  at 
121  cm-1,  as  proposed  by  Beuvier  et  al.  [15]. 

3.  Results 

3.1.  Hydrothermal  synthesis 

Throughout  a  comprehensive  survey  of  hydrothermal  synthesis 
we  were  able  to  define  dependencies  and  trends,  at  a  defined 
synthesis  temperature,  regarding  morphology  and  structure  of  the 
obtained  titania.  An  overview  of  the  different  morphologies  that 
could  be  obtained  throughout  facile  adjusting  of  the  powder 
concentration  in  the  mother  solution  is  given  in  Fig.  2.  It  shows  the 
nitrogen  physisorption  curves  and  TEM  pictures  of  the  three  main 
morphology  groups.  All  physisorption  isotherm  follow  the  same 
pattern  which  is  defined  as  type  II  curve  by  UIPAC  [16]  which 
connotes  monolayer  and  multilayer  adsorption  on  non-porous 
materials.  The  opening  of  hysteresis  at  pressure  above  p/po  ~  0.8 
and  extending  up  to  p/po  ~  1  states  that  only  large  pores  are 
present  which  are  not  all  filled.  This  is  in  agreement  with  the  TEM 
pictures  which  show  no  small  pores  inside  the  particles.  The  large 
pores  correspond  to  the  spaces  between  the  aggregates,  whereas 
the  nanoparticle  morphology  shows  the  highest  content  of  such 
inter-particle  voids.  The  strong  difference  of  the  quantity  of 
absorbed  nitrogen  is  directly  linked  to  the  specific  surface  area, 
which  ranges  from  250  m2  g-1  for  sheet,  190  m2  g  1  for  nano¬ 
particles  and  50  m2  g_1  for  rod  structure. 

Experimentally  we  find  that  for  high  concentration  of  titania 
corresponding  to  a  log  (Na/Ti)  value  below  0.9  a  sheet  structure 
favored  while  decrease  in  concentration  toward  a  log  (Na/Ti)  value 
of  1  leads  to  elongated  nanoparticles  with  average  diameter  of 
~15  nm.  As  we  further  dilute  the  titania  in  mother  solution  these 
rods  grow  bigger  and  at  1.3  are  composed  almost  entirely  of  ribbons 
or  rods  with  average  diameter  of  40—60  nm.  The  latter  is  the  most 
commonly  found  morphology  for  these  synthesis  conditions  and 
has  been  published  by  many  groups  before  [9,14,17-19].  To  the  best 
of  our  knowledge  sheet  structures  are  however  seldomly  obtained 
throughout  this  kind  of  synthesis.  Usually  the  dehydration  during 
drying  process  is  coupled  to  the  formation  of  cage  and  tubular 
structures  [20-22].  Presumably  a  low  concentration  (log  (Na/Ti) 


Fig.  2.  Nitrogen  physisorption  curves  and  TEM  pictures  of  three  main  morphologies; 
sheets,  nanoparticles  and  rods  synthesized  throughout  adequately  adjusting  powder 
concentration  in  the  mother  solution. 


Fig.  3.  XRD  pattern  of  three  biphasic  Ti02  mixtures  containing  different  ratios  of 
anatase  and  Ti02  (b)  phase. 

value)  suppresses  this  formation  and  hence  micrometer  scale  Ti02 
sheets  are  preserved. 

In  Fig.  3  the  XRD  patterns  of  three  selected  samples  with 
different  phase  compositions  are  compared.  The  low  signal-to- 
noise-ratio  denotes  a  partial  crystallization  while  the  broadened 
peaks  indicate  very  small  crystallite  sizes.  These  circumstances  in 
combination  with  the  fact  of  similar  reflex  positions  of  anatase  (ICSD 
9852)  and  Ti02(b)(ICSD  171670)  [23]  make  Raman  an  indispensable 
characterization  method  for  distinguishing  and  quantifying  these 
phases  [15],  see  Fig.  4.  The  Anatase-to-Ti02(b)  ratio  ranges  from 
anatase  rich  80/20  over  even  mix  40/60  toTi02(b)rich  10/90  sample. 
We  found  that  at  150  °C,  a  NaOFI  concentration  lower  than  11  M 
produces  mainly  anatase,  whereas  higher  concentrations  lead  to 
samples  rich  in  Ti02(b)  which  is  in  good  agreement  with  findings  by 
Armstrong  et  al.  [9].  It  should  be  noted  that  the  XRD  and  TEM  study 
of  the  samples  before  the  final  heat  treatment  (not  shown)  reveals 
that  the  phase  composition  is  globally  preserved,  displaying  that  the 
latter  step  only  produces  a  dehydration  of  the  solid  and  does  not 
influence  the  structure.  Furthermore  we  like  to  point  out  the  diffi¬ 
culties  of  obtaining  pure  phases  by  this  synthesis  method  while 
maintaining  the  morphology.  This  limitation  arises  from  an  inter¬ 
dependence  of  the  two  main  synthesis  parameters,  powder 
concentration  and  alkalinity. 


Fig.  4.  Raman  spectra  of  three  biphasic  Ti02  mixtures  containing  different  ratios  of 
anatase  and  Ti02  (b)  phase. 
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Fig.  5.  Trends  and  dependencies  found  for  hydrothermal  synthesis  of  regarding  phase 
composition  and  morphology  of  titania.  Increasing  dilution  (Na/Ti  ratio)  leads  from  a) 
sheets  to  b)  elongated  nanoparticles  and  finally  to  c)  developed  nanorods/nanoribbons 
while  increasing  the  pH  promotes  Ti02(b)  formation. 


In  summary  it  can  be  stated  that  while  the  alkalinity  is  mainly 
influencing  the  phase  composition  in  terms  of  anatase/Ti02(b) 
ratio,  the  concentration  (Na/Ti  ratio)  affects  primarily  the 
morphology  of  the  resulting  titanate.  These  trends  are  condensed 
in  Fig.  5  which  features  TEM  images  of  the  variety  of  different 
morphologies  obtained  sheets,  nanoparticles  and  rods  as  well  as 
structural  models  of  the  tetragonal  Ti02  anatase  and  monoclinic 
Ti02(b)  phase.  This  figure  shows  imposingly  that  a  wide  range  of 
morphologies  and  phase  compositions  can  be  achieved  throughout 
the  simple  adjustment  of  two  synthesis  parameters  of  the  hydro- 
thermal  synthesis.  This  approach  for  tailoring  Ti02  is  an  attractive 
alternative  to  the  use  of  template  or  surfactants  which  often  are 
costly,  toxic,  hazardous  or  are  difficult  to  remove  without  residue. 

3.2.  Electrochemical  cycling 

Tape  casting  resulted  in  homogeneous,  uniform  and  smooth  film 
electrodes  with  loading  of  roughly  1.5  mg  cm-2,  see  Fig.  6.  In  this 
figure  one  can  well  distinguish  between  the  nanoribbons  ofTi02(b) 
active  material  and  the  spherical  carbon  black  particles. 

Three  samples  were  chosen  for  electrochemical  characterization 
which  feature  different  phase  composition  but  similar  nanorod 
morphology.  An  anatase  rich  sample  (80/20),  a  mix  composition 


Fig.  6.  SEM  picture  at  10  k  magnification  of  Ti02(b)  rich  electrode  film. 


sample  (40/60)  and  a  Ti02(b)  rich  sample  (10/90)  with  specific 
surface  areas  of  180,  70  and  50  m2  g-1  respectively  were  tested.  In 
Fig.  7  the  galvanostatic  curve  of  the  first  two  cycles  are  pictured  for 
a)  Ti02(b)  rich  sample  (10/90),  b)  even  mix  (40/60)  and  c)  anatase 
rich  sample  (80/20).  When  comparing  the  electrochemical  cycling 
curves  one  notices  that  while  Ti02(b)  rich  sample  shows  a  contin¬ 
uously  decreasing  “S”-shaped  slope,  the  anatase  rich  sample  has 
first  a  characteristic  plateau  at  roughly  1.8  V  up  to  0.3  Li  which  is 
then  followed  by  a  slope  like  insertion,  which  is  in  accordance  with 


Li  inserted  /Ti02 


Li  inserted  /Ti02 


Fig.  7.  Potential  as  function  of  number  of  lithium  inserted  for  the  first  two  galvano¬ 
static  cycles  of  titania  nanorod  samples  with  anatase-to-Ti02(b)  ratio  of  (a)  10/90  (b) 
40/60  and  (c)  80/20. 
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cycling  rate 

Fig.  8.  Evolution  of  capacities  for  samples  of  high  (80/20),  medium  (60/40)  and  low 
content  (10/90)  content  of  anatase  as  function  of  cycling  rate. 

literature  data  in  [3,15,24]  and  [19,25],  respectively.  The  even  mix 
sample  shows  similar  behavior  but  with  a  shorter  plateau 
compared  to  the  anatase-rich  sample.  These  differences  agree  with 
the  fact  that,  although  anatase  and  Ti02(b)  are  chemically  similar, 
lithium  insertion  and  de-insertion  reaction  follow  different  mech¬ 
anisms.  The  capacity  loss  between  first  and  second  cycle  is 
a  frequently  seen  phenomena  for  TiC^  materials.  For  the  three 
samples  here  investigated  a  capacity  loss  of  -20%  was  found 
regardless  of  their  specific  surface  area  differences  or  phase  phase 
composition.  This  low  coulombic  efficiency  is  attributed  in  the 
literature  either  to  the  electrolyte  decomposition  induced  forma¬ 
tion  of  a  solid  electrolyte  interphase  (SEI)  and/or  filling  of  irre¬ 
versible  lithium  sites  in  the  Ti02  structure  [4,5,15,25,26].  Currently 
carried  out  experiments  to  investigate  the  origin  of  this  phenomena 
are  indicating  a  degradation  of  certain  electrolyte  components 
occurring  at  potential  values  far  above  SEI  formation  potentials 
within  their  supposed  stability  window.  This  might  be  related  to 
catalytic  effect  due  to  the  presence  of  high  specific  surface  area 
nanostructured  Ti02.  However  this  is  only  a  suspicion  and  further 
measurements  will  be  necessary  to  shed  light  on  this  curiosity. 

To  evaluate  the  rate  capability  and  capacity  retention  of  the 
samples  several  consecutive  cycling  runs  with  the  same  cell  while 
progressively  increasing  the  cycling  rate  were  carried  out  which 
leads  to  a  step  function  behavior  (not  shown).  To  facilitate  the 
comparison  of  their  electrochemical  storage  ability  the  mean 
capacities  of  the  10th  cycle  as  function  of  cycling  rate  for  the  three 
samples  with  different  phase  composition  are  plotted  in  Fig.  8.  This 


graph  reveals  an  inverse  relation  between  cycling  speed  and 
capacity  obtained.  Although  this  is  a  mutual  trend  for  three 
investigated  samples  significant  differences  were  found. 

The  mutual  trend  of  reducing  capacities  as  cycling  speed  is 
increased,  can  be  attributed  to  growing  kinetic  limitations.  At  the 
low  cycling  rate  of  C/20  capacity  values  of  different  phase  compo¬ 
sition  lie  between  200  and  220  mAh  g-1.  However  the  capacities 
obtained  for  anatase  rich  and  even  mixture  sample  decrease 
stronger  than  the  capacities  of  Ti02(b)  rich  sample  once  the  cycling 
rate  is  accelerated.  At  5C  anatase  rich  sample  and  even  mixture 
sample  reach  only  -70  mAh  g-1  and  95  mAh  g-1,  respectively 
while  for  Ti02(b)-rich  sample  120  mAh  g-1  was  obtained.  This 
result  is  in  line  with  the  general  idea  that  the  anatase  phase  is  less 
capable  of  lithium  ion  insertion  and  de-insertion  at  elevated  rates 
than  the  bronze  phase  [3,11,12,27].  Such  superior  performance  of 
Ti02(b)  is  in  agreement  with  values  of  literature  190  mAh  g  1  at 
0.65C  and  100  mAh  g”1  at  6C  [5],  202  mAh  g_1  at  0.65C  and 
140  mAh  g_1  at  6C  [28]  as  well  as  175  mAh  g_1  at  C/3  and 
75  mAh  g_1  at  6C  [15].  Naturally  these  values  can  only  be  taken  as 
a  rough  orientation  for  comparison  since  key  factors  such  as  elec¬ 
trode  formulation  and  preparation,  specific  surface  area  and  elec¬ 
trode  loading  are  staggering. 

In  order  to  further  elucidate  this  phenomena  we  have  studied  the 
derivative  curves  of  the  galvanostatic  cycling  which  allows  to 
determine  not  only  the  exact  electrochemical  potential  of  lithium  ion 
insertion  and  de-insertion  reaction  of  the  anatase  and  Ti02(b)  phase 
but  also  estimate  their  intensity  (peak  area).  In  Fig.  9  two  derivative 
curves  of  an  even  mixture  sample  (40/60)  are  presented  cycled  a)  at 
C/20  and  b)  5C.  Characteristic  twin  peaks  of  Ti02(b)  at  - 1.5  V  are 
identified  as  well  as  the  anatase  contribution  at  - 1.8  V  [29]. 

Two  things  are  salient  when  comparing  the  derivatives  at 
different  cycling  rates.  Firstly  the  proportion  changes  of  the  peaks 
corresponding  to  the  reaction  of  anatase  and  of  the  Ti02(b)  phase. 
While  anatase  peaks  are  striking  at  C/20  they  are  faint  at  5C. 
Secondly  a  smaller  shift  of  the  peak  position  for  Ti02(b)  than  for 
anatase  is  found  which  is  shown  in  Fig.  10  for  an  even  mixture 
sample  (60/40).  The  potential  shift  was  calculated  by  subtracting 
the  reduction  potential  (Li  insertion)  from  the  oxidation  potential 
(Li  de-insertion),  taken  from  the  derivative  curve.  This  indicates 
that  anatase  compared  to  Ti02(b)  bears  higher  internal  resistance 
which  is  in  line  with  the  superior  rate  capability  of  Ti02(b)  stated  in 
Fig.  8.  This  leads  us  to  the  conclusion  that  that  anatase  phase  is  less 
suitable  for  high  performance  cycling  than  Ti02(b)  phase. 

Although  chemically  equal,  anatase  and  Ti02(b)  feature  different 
electronic  and  crystal  structure  which  determine  not  only  the 
diffusion  rates  but  also  the  position,  accessibility  and  energetics  of 
lithium  insertion  sites  [12,18,25,30—33].  In  this  lies  the  reason  for 
the  strong  deviation  between  redox  potentials  of  lithium  insertion 


Fig.  9.  Derivative  curves  of  an  even  mix  sample  at  a)  C/20  and  b)  5C.  Characteristic  lithium  insertion  and  de-insertion  peaks  of  the  two  coexisting  phases  are  marked. 
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Fig.  10.  Shift  redox  potential  as  function  of  cycling  rate  for  the  anatase  and  Ti02(b) 
phase  component  of  even  mixture  (40/60)  sample  including  standard  deviation. 

and  de-insertion  of  the  anatase  and  Ti02(b)  phase  as  well  as  the 
distinct  differences  in  polarization  of  the  two  phases. 

4.  Conclusions 

Successful  tailoring  of  both  morphology  and  phase  composition 
of  Ti02  was  obtained  via  facile  hydrothermal  synthesis  in  alkaline 
environment  without  application  of  any  template  or  surfactant.  In 
electrochemical  cycling  experiments  such  samples  achieved 
respectable  capacities  exceeding  220  mAh  g-1  with  good  capacity 
retention  at  low  cycling  rate.  Cycling  results  at  progressively 
increased  cycling  rate  reveal  a  superior  rate  capability  of  samples 
with  elevated  content  of  monoclinic  Ti02(b)  phase.  Comparative 
study  of  the  evolution  of  the  redox  potentials  of  the  two  Ti02  phases 
shows  a  diverging  polarization  of  anatase  and  Ti02(b)  phase  with 
increasing  cycling  rate.  Our  studies  confirm  the  feasibility  of  Ti02(b) 
as  candidate  for  lithium  insertion  material  for  high  power  application 
while  also  pointing  out  the  necessity  to  investigate  the  insertion 
mechanism  of  Ti02(b)  in  detail  as  it  seems  to  be  significantly  different 
from  the  well  studied  anatase  phase.  Currently  carried  out  in  situ 
experiments  are  aimed  at  deepening  our  understanding  on  the  origin 
of  the  here  claimed  superiority  of  Ti02(b)  over  anatase  phase. 
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